We report on unprecedented transformation strains exceeding 20% in tension for Ni 50.5 Ti 36.2 Hf 13.3 shape memory alloy (SMA). The strain measurements were made at multiscales utilizing advanced digital image correlation. The display of excellent strain reversibility in shape memory (isothermal deformation between M f and A f ), isobaric thermal cycling (between M f and A f ), and superelasticity experiments (deformation above A f ) confirms a wide range of functionality. The ultrahigh strains in [111] orientation exceed the lattice deformation theory predictions possibly pointing to contributions from mechanical twinning effects. The high strength levels and large strains result in very high work outputs compared to other SMAs.
Introduction
Research on SMAs has considerable merit as these materials are increasingly used in various technological applications [1] [2] [3] . The binary NiTi represents the most widely studied SMA material with transformation strains reaching 10% in tension [4] [5] [6] . Recently, considerable efforts have been made to seek ternary additions for extra functionality such as control of transformation temperatures and hysteresis [7] [8] [9] . The addition of ternary elements can produce lower transformation strain levels and lower slip strength in many cases compared to binary NiTi [10] . One of the most well-known ternary additions is Cu which results in transformation strains and plastic slip resistance below NiTi [11] (see Figure 6 in [12] for example). Other ternary additions [7] also decrease the transformation strains and in many cases lower the slip resistance. It is imperative to seek enhancements in dislocation slip resistance to improve long-term durability and increase in transformation strains to expand the SMA's functionality. The ternary addition of hafnium (Hf) can enhance the critical stress for slip [13] , and also the theoretical transformation strains [6, 12] .
The single crystals are the best choice for studying the transformation strains as they circumvent the grain boundary effects. Based on our calculations, the single crystals of NiTiHf ternary alloys are expected to demonstrate high transformation strain levels (N14%) in tension. However, experiments in tension demonstrating such high strains are still lacking. In this work, the shape memory and superelastic strains are reported in [111] oriented Ni 50.5 Ti 36.2 Hf 13.3 (at.%) (referred to as NiTi-13.3Hf in the paper) single crystal. Three types of experiments were conducted for a complete characterization. In the first case, the specimens displayed shape memory behavior and recovery were achieved upon heating at zero stress. In the second case, the experiments were conducted in the superelastic regime where the strain recovery was observed upon unloading. In the third case, thermal cycling was performed under constant stress. All three cases corresponded to high strains (surprisingly as high as 21.5%) confirming a wide range of functionality.
The strain measurements were made using digital image correlation (DIC) techniques at high magnifications developed in our laboratory [14, 15] and represent an improvement over previous techniques as discussed below. Previous research [16] [17] [18] [19] was carried out using traditional extensometry through averaging strains over a large volume which contains both transformed (M) and untransformed domains (A). A high resolution DIC is needed for precise measurements of transformation strain at small scales. Therefore, the intrinsic transformation strains were investigated by using a [111] single crystal selected for highest transformation strains. In this work, we demonstrate that ultrahigh transformation strain can be obtained in a NiTi-13.3Hf single crystal.
The measured strains are compared with the theoretical values obtained via lattice deformation theory. Because the theoretical transformation strains are very sensitive to the choice of lattice constants, the lattice constants were carefully determined via X-ray diffraction patterns in austenite and confirmed with DFT (Density Functional Theory, VASP [20] ) calculations. In the case of martensite, the lattice parameters were determined based on DFT calculations [13] . 
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In summary, with high strains exceeding 20%, the NiTi-13.3Hf ternary alloy presents extraordinary promise. Combined with its high slip resistance exceeding a critical resolved shear stress (CRSS) of 430 MPa based on theory [13] and 424 MPa based on experiments in this study, it holds great potential as a SMA. Thus, the utilization of this class of materials in engineering applications can occur where high transformation strains and high strength are desired. The methodologies (ranging from atomistic calculations to X-Ray diffraction, lattice constant and slip stress determination and local strain measurement in single crystals utilizing advanced DIC) can be applied effectively for better understanding of NiTiHf class of alloys.
Experimental methods
The polycrystalline alloys with a nominal composition of Ni 50.5 Ti 36.2 Hf 13.3 (at.%) were produced by plasma arc melting. Subsequently, single crystals were grown utilizing the Bridgman technique in He atmosphere. The chemical compositions of the single crystal were checked with ICP-MS instrument. Thin foils, 30-40 mg, were cut using a low speed diamond saw. These foils were used to measure the transformation temperatures of the alloy in the as-grown condition with a Perkin-Elmer Pyris 1 differential scanning calorimetry (DSC) machine.
Prior to any experiments, tension samples were carefully sectioned from the single crystal ingot with a dimension of 2 mm × 2 mm × 8 mm in the gauge section using an electrical discharge machine with the loading direction along the [111] B2 crystallographic orientation. The sample surface was polished to a mirror finish with abrasive papers up to 1800 grit. A fine speckle pattern was airbrushed on the surface for DIC strain measurements. A Lepel induction generator was used to control the operating temperature on the specimen. The sample was initially heated above A f (austenite finish temperature) to stabilize the speckle pattern and successively slowly cooled to the desired temperature. In order to test the sample at subzero conditions, the grips were cooled using liquid nitrogen through customized copper coils. Then, the sample was tested in tension at various temperatures with an Instron servo hydraulic load frame. The load frame was controlled by a customized LabView software during loading and unloading with the capability of taking images automatically. A reference image at zero load was taken with an image resolution of 2.0 μm/pixel. The images captured during the loading and unloading cycle were captured every 2 s. The DIC strain fields were determined using a commercial software VIC-2D by correlating the reference images with the deformed images.
X-ray diffraction and crystal orientation analysis were conducted on a Philips Xpert 2 diffractometer using Cu Kα radiation at room temperature. A Ni filter was used to suppress the K β wavelength [21] . The voltage and current are set to be 45 kV and 40 mA respectively.
Experimental results
The transformation temperatures for NiTi-13.3Hf single crystal in the as-grown condition were determined by using DSC. For the as-grown condition, M s (martensite start temperature) was measured as −31.7°C, M f (martensite finish temperature) = −69.4°C, A s (austenite start temperature) = −14.8°C, and A f = 31.2°C.
The X-ray diffraction was used to determine the [111] crystal orientation of the NiTi-13.3Hf tensile specimen. The experimental inverse pole figures constructed from the X-ray data are presented in Fig. 1 . The results show that along the loading direction the specimen is properly oriented along the [111] orientation, while the normal to the specimen plane is parallel to the [011] crystal direction. The X-ray diffraction pattern is also reported in Fig. 1 . Peaks of the cubic (B2) austenite appear following the reflection of the {011} B2 and {022} B2 planes. The lattice constant of the cubic B2 austenite was calculated from the position of the {011} and {022} peaks to be a o = 3.0641 A.
For the monoclinic martensite (B19′) structure, the lattice parameters were obtained for several compositions utilizing DFT [13] and then interpolated to obtain the following values: a = 2.986 Å, b = 4.0728 Å, c = 4.786 Å, γ = 99.9°.
The details of the calculation procedures utilizing LDT are explained in [22] , so it is not covered for the sake of brevity. In Fig. 2 , the stereographic triangle exhibiting transformation strain contours from LDT are presented. The highest strains are near the b 111 N pole where the maximum transformation strain was as high as 14.2%.
In Fig. 3a , we report the isothermal behavior in tension. The black curve demonstrates the stress-strain behavior over a wide domain (2 mm × 4 mm) while the blue dashed line represents the local behavior (0.3 mm × 0.6 mm). The transformation stresses were 592 MPa and 850 MPa at 0°C and 50°C respectively. We note the downward slope of stress-strain curves in all cases. In the case of 0°C, multiple transformation bands nucleate at 592 MPa followed by coalescence (Point B). When the maximum local strain reaches 23% (Point C), the transformation zone has widened, yet substantial elastic domains remain outside this zone. Removing the inherent elastic strains, the strain recovery is marked on the figures. In summary, ε trans loc , was as high as 21.5%, while over large domains the transformation strain, ε trans overall , was on the order of 12.7%.
A clear superelastic response was evident at 50°C in Fig. 3a . The transformation stress is approximately 850 MPa (a corresponding CRSS, with a Schmid factor of 0.4, of 340 MPa). The maximum local strain reached was as high as 20%. Upon unloading, the majority portion of the localized strain is recovered. However, 1.5% of residual strain does not recover even after heating. At a smaller domain, the reversible strain was 18.7%. The recoverability is reduced by 2.8% compared to values at 0°C and RT due to the higher propensity of slip deformation with higher levels of stress. The flow stress obeys a Clausius-Clapeyron type relationship with a slope of 5.6 MPa/°C. Fig. 4 illustrates the isobaric behavior of NiTi-13.3Hf when it was temperature cycled between − 50°C to 55°C under a tensile stress of 500 MPa. The local and overall transformation strains are 17.5% and 11.8% respectively. These measurements are close to those achieved in the isothermal experiments. Note that the transformation temperatures were increased under stress. When a 500 MPa external stress is applied, M f , M s , A s , and A f under stress were −30°C, −10°C, 25°C, and 45°C, an increase of 15°C compared to DSC results.
Discussion of results
The NiTi alloy is viewed as the most successful SMA to date and has attracted widespread attention. The maximum transformation strain of NiTi in [111] direction is 10% (in tension) [5, 6, 16] . There are several SMAs such as Ni 2 FeGa that possess higher transformation strains in tension of the order of 12.5% [15] ; in this study, we show that the NiTi-13.3Hf exhibits even higher strains. We demonstrate that tensile transformation strain in smaller domains (0.3 to 1 mm 3 ) and larger volumes (N1 mm 3 ) can reach 21.5% and 12.5% respectively in NiTi-13.3Hf. Including elasticity, a local maximum strain near 23% was attained without fracture which is significantly higher than ductility of most SMAs. The higher transformation strain in NiTi-13.3Hf compared to NiTi is largely attributed to the increase in the monoclinic angle, from 96.7°t o 99.9°. Since the experimental strains exceed the calculated ones based on lattice constants (cubic to monoclinic transformation) and the monoclinic angle, we suggest possible contribution from mechanical twinning on the measured strains.
Most importantly, the addition of Hf to NiTi elevates the CRSS. The increase in slip resistance has been studied earlier by Wang and Sehitoglu [13] upon determination of the energy barriers (generalized stacking fault energy via DFT) for dislocation motion. The CRSS was predicted to be approximately 433 MPa which matches with the present experimental measurement of 424 MPa in this study (using {011}b100N slip system with a Schmid factor of 0.47). The combination of high transformation strain and slip resistance, suggests that the NiTi-13.3Hf represents a potentially formidable SMA worth further exploration.
As explained above, the maximum reversible strain of 21.5% exceeds the theoretical transformation strain of 14.2% by a factor of 1.5. We offer a plausible explanation of strain measurements exceeding theory based on the activation of mechanical twinning. The martensitic phase may undergo additional mechanical twinning that can also be partially or fully reversed and contributes to the strain reversibility. Although this is difficult to prove, such twinning can occur on the {100}b001N system as documented in our early work [12] and the corresponding magnitude of twin shear has been determined from the c/a ratio of the martensite (0.62). Such a large twinning shear, if accommodated elastically, can readily contribute to the additional reversible strains observed experimentally. A similar rationale has been proposed by one of the coauthors of this paper on martensite mechanical twinning in binary NiTi single crystal exhibiting high strains [6] .
In addition, as noted in the stress-strain curves of Fig. 3a , a negative slope in stress-strain response during straining is evident upon nucleation of the martensite. Clearly, a higher stress is required to nucleate the martensite embryo, while a lower stress is needed to sustain its migration in the case of NiTi-13.3Hf. This characteristic is reminiscent of transformation behavior observed in some NiTi binary alloys [23] and twinning in bcc metals [24] . In Fig. 3b , the transformation area (red zone) in NiTi-13.3Hf is confined to a small volume. The consequence of the localization is a significant difference in measured strains at macroscale and microscale. Further aging treatments to create coherent precipitates may alter this localization behavior, and reduce the micromacro difference.
The DIC technique was used to pinpoint the domains undergoing transformation and the local strains that are representative of the 'intrinsic' transformation strain. These measurements were made in-situ during the deformation to establish precisely the onset of phase transformation, slip nucleation, and shift in transformation temperatures in isobaric experiments. For example, in Fig. 3a , the phase transformation (at 0°C test) starts at approximately 592 MPa and stress for slip nucleation can be observed at 50°C. In Fig. 4 , the austenite to martensite transformation is captured when the temperature reaches − 10°C under isobaric condition. Therefore, the clarity achieved by DIC allows pinpointing the critical stresses and transformation temperatures under stress precisely.
The critical stress for transformation increases with temperature. This is consistent with the Clausius-Clapeyron curve with a slope of 5.6 MPa/°C which is lower compared to the compressive case [25] . The new ternary NiTi-13.3Hf alloy has a transformation stress of 850 MPa at 50°C and combined with a maximum transformation strain in the order of 21.5% results in a work output of approximately 170 J/cm 3 .
This is the highest measurement among the SMAs as well. The substantial increase of the transformation stress, transformation strain, and work output can be exploited as guidance for future NiTiHf alloy developments.
Conclusions
This work demonstrates the ultrahigh strain recoverability of NiTi-13.3Hf single crystals orientated in [111] direction. Three types of experiments were conducted (a) transformation followed by recovery at zero stress upon heating, (b) superelasticity where recovery occurs upon unloading and (c) isobaric temperature cycling where austenite to martensite transformation occurs in a reversible fashion. Based on the current work, the following conclusions can be drawn:
(1) For the [111] oriented NiTi-13.3Hf single crystal, intrinsic transformation strain was captured by measuring the local strains via DIC. The maximum transformation strain is in the order of 21.5%. We attribute the high strains partly to the increase in monoclinic angle with the addition of Hf. Since the measured strains exceed the lattice deformation theory calculations, we forward the possibility of reversible mechanical twinning of martensite contributing to such high strains. . This is a considerable advancement compared to other SMA alloys. In summary, the capability of NiTi-13.3Hf to operate under conditions of high stress and high ductility exceeds other SMAs.
